For the first time, the usage of bromeliad inflorescences as nesting sites for ants and other arthropods was studied. Frequencies of occurrence of nests were recorded from hollow stems of dried infructescences of the bromeliad Vriesea friburgensis on Santa Catarina Island, southern Brazil. Three habitat types were studied: miconietum and two types of restinga, one with low (restingalow) and one with high vegetation cover (restinga-high). Additionally, flower visitation by ants was examined in restinga-low. Out of 619 infructescences, 33% contained nests. Ants were the most frequent occupants (82-96% of nests), followed by termites (3-18%) and bees (0-0.6%). Species accumulation curves and diversity indices indicate that the diversity of stem-occupying ant species is highest in restinga-low (eight species observed, 18 predicted) and lowest in restinga-high (four observed and predicted). Highest similarity of compositions of infructescence-inhabiting ant species was recorded between miconietum and restinga-high, lowest between restinga-low and restinga-high. Similarity between compositions of inflorescence-visiting and infructescence-inhabiting species in restinga-low was even higher (compared with the cases described in the previous sentence) although 50% of the involved species were present in only one of the samples. Altogether, our results indicate that inflorescences are important resources for ants and other nest-building insects from flowering season to past-fruiting season.
Introduction
Bromeliads (Bromeliaceae) are monocot plants occurring almost exclusively in the neotropics [1] . Animal-bromeliad interactions are highly diverse and have been in the focus of intensive research during the last decades [2] . Consequently, several aspects of these associations are well studied, for example, pollinator systems [3] [4] [5] or usage of bromeliad rosettes as nest sites by ants [6, 7] and bees [8] . Additionally, bud and fruit capsules are known to nourish and shelter developmental stages of wasps [9] and butterflies [10] .
The stalks of bromeliad inflorescences or infructescences have mainly been reported as subjects of insect larval herbivory. For example, inflorescence stems may be infested by several species of Curculionidae (Coleoptera) [2] . In the bromeliad species Vriesea friburgensis Mez var. paludosa (L. B. Smith) L. B. Smith 1952, flower buds are sterilized by the feeding behavior of a eurytomid wasp larva. Affected flowers do not open and eventually dry up forming a resistant pupal chamber for the developing larva [9] . A similar case is that of Strymon serapio (Godman and Salvin 1887) [10] whose larvae attack the ripening fruit capsule of V. friburgensis. During feeding, the larva enters the capsule and finally pupates within. In both cases, the imagines emerge from their pupal chambers after weeks or even months. This is enabled by the fact that the stalk of the drying infructescence usually remains standing erect in the rosettes for one year or longer, 2 Psyche instead of wilting and decomposing rapidly (pers. obs.). This feature is typical for many species in the genus Vriesea which has an anemogamous seed dispersal syndrome, and allows the small seeds provided with pappi to take flight with the wind. This is in sharp contrast to other bromeliads in the subfamily Bromelioideae whose seeds are embedded into a fleshy pulp and whose infructescence stalks wilt and collapse soon after the colorful berries have been eaten by birds and small mammals.
In the course of a study on the diversity and interactions of flower visitors of bromeliads in the Atlantic rainforest of southern Brazil, we discovered stems of old infructescences of V. friburgensis to be inhabited by ant species. This, together with the other mentioned characteristics of the infructescence stalk, suggests that it might play another important role in the ecosystem by providing shelter or nest sites with a beneficial environment for perennial arthropods and social insects. Among the latter, ants constitute the dominant animal group in most terrestrial ecosystems [11] , and numerous species that are unspecialized nesters could benefit from the properties of infructescence stems. Therefore, assessing the use of stalks as nesting sites was the main purpose of our study.
Not only infructescences but also inflorescences are, at least during flowering, attractive to ants: in a preliminary census, about 50% of 159 open flowers (distributed over 68 inflorescences) were visited by at least one ant (S. Langner, unpubl. data). The inflorescences are visited by a high diversity of animals, mainly bees [12] . Yet, ants have not been systematically registered so far; hence, an additional goal of our study was to survey the spectrum of ant species associated with inflorescences and infructescences.
In particular, we determined frequencies of occurrence as well as alpha and beta diversity (i.e., diversity within and among habitats) of ants and other arthropods in old infructescence stems of V. friburgensis. We expected differences in ant species richness (which is one component of diversity) and composition among habitat types due to different species communities as was reported for inflorescencevisiting ants of other bromeliad species [13] . At one site, we also recorded ants visiting inflorescences for comparison with the stem-inhabiting ants, testing the hypothesis that species richness and composition should be similar because ants living within the bromeliads can be expected to visit nearby flowers.
Material and Methods

Study Plant.
Vriesea friburgensis is a common, mostly soil-growing but facultatively epiphytic tank bromeliad occurring in forest and restinga habitats in southern Brazil [12, 14, 15] . Its inflorescences, flowering from November to March [9, 12] , reach a height of about 0.5-1.5 m (for habitus see Supplementary Figures S1 and S2 in Supplementary Material available online at http://dx.doi.org/10.1155/2014/396095). The dry infructescences frequently remain standing erect in the rosettes for one year or longer, and even when bent or broken, they may stay more or less intact for a long period of time (pers. obs.). Only terrestrially growing plants were examined.
Study Sites and Period.
The study was conducted from January 2006 to January 2009 in the municipality of Florianópolis on Santa Catarina Island, southern Brazil. Infructescence occupation was examined between August and February, inflorescence visitation in December and January. Observations and sampling were performed in the two habitat types "miconietum" (a pre-forest succession stage, [8] ) and "restinga" (a xerophilous vegetation formation on sand dunes, [16] 
Assessing Infructescence Occupation.
We examined a total of 619 infructescences (defined as the stem and remains of buds and fruits above the level of the water reservoir in the rosette) for nests of ants and other social insects by breaking them apart. Criterion for the record of a nest was the presence of brood. Other arthropods were occasionally registered too.
From a subset of 131 infructescences (restinga-low: 54; restinga-high: 28; miconietum: 49), inhabitants of the interior of the stem as well as of cavities under bracts were handcollected and identified in the laboratory. For the other fraction (488 infructescences, only restinga-low), we identified the inhabitants directly in the field and additionally noted whether the stems were solid or hollow. Cavities under bracts were not examined in this case. To estimate cavity volume, five hollow infructescences were randomly chosen and the lengths and inner diameters (at base and apex) of their cavities were measured.
In addition to the samples described above, we recorded arthropods in infructescences during occasional field trips that were not specifically associated with this study. Sometimes, we also examined the most basal, humid part of the stems. Those findings are separately presented in the results section and Supplementary Table S9 but were not taken into account for the remaining data presentation and analysis. Generally, sets of infructescence stems that served as references for calculation of percentages included those that were not hollow. This is because we regard massive stems to be a resource for ants too, at least for those that are capable of gnawing holes into the plant material themselves.
Three samples of non-social insect brood were taken to the laboratory and reared to adult stages for identification. Voucher specimens of all collected species were deposited in the entomological collection of the Native Bee Laboratory, BEG, Federal University of Santa Catarina, Florianópolis, Santa Catarina, Brazil. For investigating whether the attractiveness of inflorescences begins with the emergence of open flowers or earlier, we assessed ant presence for a separate set of 26 inflorescences with buds only.
Species Richness and Diversity.
We compared the diversity of ants occupying infructescences among habitats (three comparisons) as well as infructescence occupation with inflorescence visitation in restinga-low. Alpha diversity (diversity within each locality) was assessed by computing species accumulation curves (generated with the "Mao Tau" binomial mixture model by Colwell et al. [17] ), the Chao2 species richness estimator, and the reciprocal Simpson index. Since Simpson diversity is a measure that combines species richness with the evenness of the species abundance distribution, we also calculated Simpson evenness by dividing the Simpson index by the number of observed species (as given by the species accumulation curves) [18] . Accumulation curves and means (obtained by 1000-fold resampling) of estimators and indices were plotted against the cumulative number of species occurrences as a measure of sampling effort [19] . If such a curve reached a plateau over a logarithmically scaledaxis, we regarded the corresponding index or species richness as stable [19] ; if not, then it was expected to change with increased sampling.
For evaluating beta diversity (i.e., complementarity between sites, [18] ) of ant species inhabiting infructescences and visiting inflorescences among the three habitats we calculated Chao's estimator for the Jaccard similarity index ("Chao-Jaccard") with 95% confidence intervals for statistical comparisons. Since similarity is reciprocally related to beta diversity [18] , a low similarity index indicates high beta diversity among the sites compared. All species richness and diversity computations were performed with the software package EstimateS 8.2 [20] .
Results
Infructescence Occupation.
Overall, 205 of all 619 examined infructescences (33%) were occupied by nests of ants (Supplementary Figure S4) , termites, or bees. Depending on habitat, ant nests were found in at least 18% of the stems ( Figure 1 ) and made up the majority of nesting occupants (miconietum: 82%; restinga-low: 97%; restinga-high: 94%). Under bracts, ant nests were present on 4-11% of infructescences (Supplementary Table S7 ). The most frequent stem inhabitants were ants of the genera Camponotus, Pseudomyrmex, and Solenopsis (Tables 1 and 2) . During regular collections, we found nests of 14 ant species, at least two termite species (Termitidae: Nasutitermitinae: Cortaritermes sp. and Velocitermes sp.; habitat types miconietum and restinga-low; all nests occupied stem and rosette), and one bee species (Tables 1 and 2 ). Ant species composition differed among the habitat types (Table 1) . We encountered eight cases of two social insect species occupying different sections of the same infructescence stem (Supplementary Table S8 ). Occasional findings outside of the regular dataset comprised nests of further ant species; brood of a megachilid bee, a castniid moth, and syrphid flies; several coleopterans, pseudoscorpions, collembolans, and spiders (Supplementary Table S9 ).
Out of 488 infructescence stems collected at restingalow sites, 402 (82%) were hollow, and of these, 161 (40%) were occupied by ants, termites, or bees ( Table 2) . Length of cavities in infructescences was 92 ± 22 cm (mean ± SD, = 5), and inner diameter was 1.9 ± 1.3 mm at apex and 4.6 ± 0.9 mm at base, yielding an estimated volume of 37 ± 30 cm 3 (assuming a truncated-cone shape).
Inflorescence Visitation by Ants.
We found ants foraging on 22 of 33 (67%) flowering inflorescences. Furthermore, at 36-70% (median 55%, = 5) of the weekly examined flowering inflorescences (40 ≤ ≤ 79), ants were observed inside flowers. In contrast, ants were present at one of 26 (4%) inflorescences with buds only. Nine ant species/morphospecies were identified; most species and visitor records belonged to the genera Camponotus and Pseudomyrmex (Table 1) . a A species of the P. flavidulus species complex which "might actually correspond to P. flavidulus itself " (Philip Ward, pers. comm.). b Once three stems very close to each other were occupied by this species, so it was presumably the same colony, resulting in eight independent findings in restinga-high. Therefore, the value "8" was used for computation of similarity and diversity indices.
Psyche
Species Richness and Diversity.
The species accumulation curve of the restinga-high habitat reached a plateau (Supplementary Figure S5) and was significantly lower than the curve of miconietum, indicated by non-overlapping 95% confidence limits at the end of the shorter curve (Figure 2(a) ). Moreover, the confidence limits of the restinga-high curve almost fell below those of the restinga-low curve. The other three curves lay near to each other without significant differences and without stabilizing. The Chao2 species richness estimator predicted highest (and even rising) richness for restinga-low and (according to the 95% confidence limits) significantly lowest for restinga-high (Figure 2(b) ). The Simpson diversity index showed the same trend as the species accumulation curves (Figure 2(c) ): highest diversity in miconietum and lowest in restinga-high. Finally, evenness was highest for miconietum ( Figure 2(d) ).
Comparing the ant communities that nested in infructescences, the Chao-Jaccard similarity index was highest for the habitat type pair restinga-high/miconietum (0.58), followed by restinga-low/miconietum (0.19) and restingalow/restinga-high (0.05) (the latter significantly different from the first, according to 95% CIs), that is, beta diversity ascended in that order (Figure 3) . Similarity between the inflorescence and infructescence samples in restinga-low was highest overall and significantly higher than between infructescence occupation in restinga-low and the other two habitats (Figure 3 ).
Discussion
Species Accounts.
Altogether, we recorded 22 ant species (three subfamilies, nine genera) and at least 12 other arthropod species associated with inflorescences and infructescences of V. friburgensis. Even these high numbers must still be regarded as underestimations because species richness did not reach saturation in any habitat. Considering this inventory incompleteness and our sampling bias (focusing the search on social insects), there must be a lot more to discover in terms of animal associations with V. friburgensis. This is especially true if the view is extended from the inflorescence to the whole plant. The rosettes, which were not systematically examined in this study, might harbor a high diversity of macroinvertebrates as indicated by Zanin and Tusset [15] for V. friburgensis and as reported for the related bromeliad species V. inflata (Wawra 1883) [21] . At least two ant species were for the first time reported for Santa Catarina Island (Procryptocerus convergens) or even Santa Catarina state (Cephalotes minutus) since they do not appear in previous inventories [7, 13, [22] [23] [24] [25] [26] [27] [28] [29] [30] .
The termites we found living in the bromeliads probably belong to two undescribed species (E. Marques Cancello, pers. comm.). Since their nests were mostly located both in the rosettes and infructescence stems, their relation to the bromeliads might be similar to the association between the termite Cortaritermes silvestrii (Holmgren 1910) and the bromeliad Dyckia maritima Baker where the plants appear to grow on termite nests because of beneficial nutrition [31] . But this assumption needs further investigation to be confirmed.
Arthropods Living in Infructescences.
We consider infructescences of V. friburgensis to be attractive nest sites for certain groups of arthropods (e.g., small ant colonies and small, serially nesting bees) because they Psyche Figure 3 : Chao-Jaccard similarity index for comparisons of infructescence occupation of Vriesea friburgensis by ants among habitats and of infructescence-with inflorescence-associated ants in restinga-low. Whiskers represent 95% confidence intervals; for convenience their lower bounds were cut when crossing the -axis.
Calculations were based on the data given in Table 1 .
(1) provide a long, narrow space which can be used and defended more efficiently than a compact space of the same volume;
(2) dry up and frequently remain stable for more than a year, a feature which is important for bees and wasps with annual or bivoltine life cycles [9, 32] ; (3) are mostly connected to a water reservoir in the leaf rosette, building kind of an oasis especially in well drained sandy habitats such as restingas; (4) grow near to food sources, such as future inflorescences emerging from adjacent rosettes of the same bromeliad clone, providing floral nectar and flower visitors.
Not only can arthropods profit from nest space provided by V. friburgensis but also the plant may gain benefits. As known from former studies, ants frequently protect the plants they live in from herbivores (e.g. [33] [34] [35] [36] ). Whether V. friburgensis actually is protected from its inflorescence herbivores (e.g. Eurytoma sp. [9] , Strymon serapio [10] ) is unclear since many of them might already be active before the first flowers open; that is, when ants are not present yet. This might be assessed with exclusion experiments (e.g., [37] ).
In most of the habitats studied, Vriesea infructescences appear to support a similar alpha diversity of ants. Whereas all diversity measures employed accord that restinga-high had lowest alpha diversity, with no more than four species predicted, species accumulation curves do not allow distinguishing among the other habitat types because they were too close to each other and did not stabilize. Moreover, the habitat ranking derived from the species richness estimator contradicts that indicated by the Simpson diversity index. Since the latter is influenced by species abundance distributions [18] we assume that restinga-low contains more species but with a rather uneven distribution in contrast to miconietum. This is indeed confirmed by estimated evenness.
The restinga-high habitat, in spite of its relatively low species richness, complements the ant species composition of the other habitats, especially low-vegetation restinga, demonstrated by the low similarity index value. Hence, occurring in such different habitats, V. friburgensis also supports a high beta diversity of ants.
We do not expect ants to be exclusively dependent on the infructescence stems as nest sites because similar cavities can also be found in other plants. For example, we discovered nests of Pseudomyrmex gracilis and Ps. sp. PSW05 in twigs of Epidendrum fulgens Brongn. 1834 (Orchidaceae) as well as Nesomyrmex spininodis in twigs of shrubs (V. S. Schmid, unpubl. data), and Cereto et al. [38] collected, at another restinga-low site on Santa Catarina Island, nests of eight ant species from postreproductive plants of Actinocephalus polyanthus (Bong.) Sano (Eriocaulaceae), a plant with a habitus similar to bromeliads and occurring sympatrically with Vriesea at our restinga-low study sites.
Cereto et al. [38] reported that 79.1% of A. polyanthus plants contained ant nests with up to four species living in the same plant. On the one hand, comparison with our study is difficult because sample sizes greatly differ, no accumulation curves were provided by Cereto et al. [38] , and they examined whole plants while we only systematically examined the infructescence stems. It is well known that bromeliad rosettes are frequently used by ants as nest sites [6, 7, 13] , so the percentage of V. friburgensis plants containing ant nests will most likely be higher than the occupation ratio of infructescence stems. On the other hand, both Psyche 7 Cereto et al. [38] and we report the occurrence of several ant species sharing the same plant, indicating that there might be high competition for nest sites in the restingas (see also Livingston and Philpott [39] arguing for generally high competition among ants). If this is true, it seems strange that a high proportion (61%) of hollow V. friburgensis infructescence stems was found unoccupied. The causes of this phenomenon remain to be studied in more detail, taking into account aspects such as dynamics of cavity development in plants and of ant colony movements, that is, turnover of site occupation.
Ants Visiting Inflorescences.
Simpson diversity of ants inhabiting infructescence stems in restinga-low was similar to that of those visiting inflorescences in the same habitat type, although the estimated species richness differed significantly. Similarity in alpha diversity goes in line with the compositional similarity between these samples being higher than among the habitats, thus supporting our hypothesis that there is a great overlap between ant species that live in the bromeliads and those that visit their flowers.
However, individuals of some ant species visited the inflorescences, whereas the same species were not found living in infructescences. This may be due to nesting preferences; for example, Camponotus rufipes has large workers and colonies that construct nest mounds using plant material, sometimes within groups of Vriesea rosettes but apparently not extending into infructescence stems emerging from those rosettes; and Acromyrmex species generally nest in the soil [40] .
Three Camponotus species nested in infructescence stems but were not observed on inflorescences. It might turn out interesting to find out the causes for this pattern, that is, whether it was mere chance owing to low sample size or whether these ants systematically avoid inflorescences, be it due to interspecific competition or because of their foraging habits.
We found five ant genera at inflorescences of V. friburgensis. However, within flowers, almost exclusively Camponotus ants were present (mainly Ca. novogranadensis and Ca. rufipes, probably also Ca. sexguttatus; V. S. Schmid, pers. obs.). They do not entirely monopolize the inflorescences since we mostly found unoccupied flowers near the occupied ones on the same inflorescences. Occasional behavioral observations indicate that Camponotus workers visit flowers to take up floral nectar, sometimes apparently guarded by a conspecific worker (Supplementary Figure S6) . They might additionally hunt flower mites which we found along our examinations within flowers of 29 out of 32 (91%) inflorescences in Joaquina and also recorded them in miconietum (V. S. Schmid, unpubl. data), as similarly reported by Schmid et al. [13] for the bromeliad species Aechmea lindenii (E. Morren) Baker and Ae. nudicaulis (L.) Grisebach. We expect the mites in V. friburgensis to belong to the same species (Proctolaelaps sp. and Tropicoseius sp.) as in Ae. lindenii because they are phoretically transported by hummingbirds (see Video S6 in [13] ) which occur on the whole island and visit flowers of species of Aechmea [3] [4] [5] 41] and Vriesea [4, 12] .
As for infructescence occupation, we regard it as unlikely that any of the ant species reported here is specifically associated with inflorescences of V. friburgensis. Its flowers are accessible only during a limited period throughout the year and are not completely monopolized by one or a few ant species; thus ants do not completely depend on the floral resources.
The presence of ants on plants is frequently accompanied by a mutually beneficial association where the ants are attracted by food and/or shelter and in turn provide protection to the plant by deterring herbivores and/or cutting other vegetation that competes with the host plant for resources (e.g., [33] [34] [35] [36] ). In bromeliads, such a mutualism was reported for Dyckia floribunda where exclusion of ants yielded a significant decrease in total seed production per plant [37] . Unlike D. floribunda, V. friburgensis does not produce extrafloral nectar on its inflorescences (V. S. Schmid, unpubl. data: six plastic-bagged inflorescences inaccessible to animals did not show signs of secreted fluids). The ants are apparently attracted mainly by the nectar contained inside the flowers. They might have both positive and negative effects on the plants' reproductive success by interfering with herbivores and/or pollinators, respectively. Hence, whether V. friburgensis benefits from the presence of the ants cannot be judged without appropriate manipulative experiments.
Conclusion
Even though there are probably no specific associations with V. friburgensis, this bromeliad species does support a high level of alpha and beta diversity of arthropods, mainly ants. Regarding the high potential for competition for nest sites among ant species [39] , V. friburgensis likely plays an important role for the species communities of the Atlantic Forest region, confirming former studies which stressed the ecological significance of bromeliads (e.g., [10, 13, 42, 43] ; see also [2] and references therein). Beyond the scope of our study, there are certainly other bromeliad species (e.g., Dyckia spp.; Hohenbergia spp.; other Vriesea spp.) whose infructescences are worth a closer examination with respect to inhabiting arthropods. Concluding, we recommend that bromeliads should be taken into special consideration for biodiversity conservation efforts.
